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Both the apoD transcript and/or protein are altered in a broad range of conditions. Those include cellular growth, differentiation, and stress response (16, 17, 27, 36) ; different types of cancer (51) ; several neurological disorders such as Alzheimer's disease, stroke (46) , schizophrenia (48) , and Parkinson's disease (32) ; and animal models of nervous system pathology (8, 47) . apoD is also involved in diverse aspects of lipid metabolism. apoD gene polymorphisms affect plasma lipid levels (13) and can be used as a genetic marker for obesity, hyperinsulinemia, and noninsulin-dependent diabetes mellitus (5, 52) . Furthermore, apoD may participate in lipid transfer and reverse cholesterol transport by directly binding cholesterol (34) or by its association with apoA-I, lecithin-cholesterol acyltransferase, and cholesteryl ester transfer protein in high-density lipoprotein (HDL) fractions (44) . Because of its capacity to bind AA, apoD contributes to membrane phospholipid metabolism by stabilizing AA levels in cellular membranes (49) . An involvement in lipid redistribution after peripheral nerve injury was also suggested (8) . Moreover, apoD was documented as a liver X receptor (LXR)-responsive gene (24) and could play an important role in the modulation of the lipogenesis/lipolysis balance in adipocytes by transporting ligands for LXR or peroxisome proliferator-activated receptor (PPAR)-␥ or participating in LXR-dependent reverse cholesterol transport (24) . Finally, apoD may play a role in the control of food intake and body weight by interacting specifically with the cytoplasmic portion of the long form of the leptin receptor Ob-Rb (26) . Therefore, it is not surprising to find apoD modulation in conditions presenting a deregulation of lipid metabolism, such as Tangier disease (1) , familial lecithin-cholesterol acyltransferase deficiency (2) , and mutations in the apoA-I gene (12) , or in conditions leading to lipid accumulation, such as type 2 diabetes (23) and mouse models of Niemann-Pick disease type C (54) .
Abnormal lipid metabolism contributes to several neurodegenerative disorders, including Alzheimer's and Parkinson's diseases. The involvement of apoD in both lipid metabolism and neurological disorders suggests a central role in neurodegeneration and/or repair. Still, the precise role of apoD remains undetermined. Recent reports (21, 41, 53) indicate a protective effect, as it counteracts aging and oxidative stress. In an attempt to reveal some aspects of the apoD function, we generated mice overexpressing human apoD (H-apoD) in the CNS. We chose to overexpress H-apoD because it allows its discrimination from the endogenous apoD. During the characterization process, we observed that H-apoD overexpression affects the metabolism of glucose and lipids of these mice in a promoter's strength and expression pattern-depending manner and also expression pattern. These defects correlate with impaired hepatic lipogenesis. However, they do not correlate with increased inflammation or altered adipokine signaling. It therefore appears that a modulation of apoD expression in specific tissues could alter the glucose and lipid metabolisms.
MATERIALS AND METHODS
Animals. All the experimental procedures were approved by the Animal Care and Use Committee of Université du Québec à Montréal. Animals were housed at 24 Ϯ 1°C in a 12-h light-dark cycle and fed a standard rodent chow ad libitum (Charles River rodent chow #5075, St.-Hubert, QC, Canada) with free access to water. Experiments were carried out with 11-to 13-mo-old male animals, unless otherwise noted. Blood samples were collected for hematology and serum analysis. Tissues were collected, frozen in dry ice, and kept at Ϫ80°C. Sections of tissues were also frozen in HistoPrep frozen tissue embedding medium (Fisher Scientific, Ottawa, ON, Canada) or fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis.
Generation of H-apoD transgenic mice. The plasmid apoD/bovine growth hormone (BGH)/pBSSK generated in our laboratory and comprising the H-apoD coding sequence followed by the BGH polyadenylation signal in pBluescript II SK (Stratagene-VWR, Ville Mont-Royal, QC, Canada) was used for the transgene construction. Briefly, for the Thy-1/apoD construct, the promoter, the first exon, the first intron, and the 5Ј-noncoding region of the second exon of the human Thy-1 gene (ϳ3.5 kb; generous gift from J. Silver, New York University Medical Center) were cloned upstream of the apoD coding sequence in plasmid apoD/BGH/pBSSK (21) . The neuron-specific enolase (NSE)/apoD construct was generated similarly with the 5Ј-noncoding region of the rat NSE gene (ϳ1.8 kb; a generous gift from G. Sutcliffe; Scripps Research Institute, La Jolla, CA). Each transgene fragment was excised from its plasmid by digestion and prepared for microinjection by agarose gel electrophoresis and extraction with QIAEX II Gel extraction kit (Qiagen, Mississauga, ON, Canada). Microinjection into the pronuclei of fertilized C57BL/6 ϫ CBA zygotes was performed by standard procedures at the McGill Transgenic Facility (Montreal, QC, Canada). Transgenic animals were identified by PCR and Southern blot analysis of genomic DNA isolated from 3-wk-old mouse tail biopsies. All mice were backcrossed into C57BL/6 genetic background for at least eight generations to ensure phenotype stability. Genotyping was performed by PCR using an apoD-specific primer (5Ј-CCC AAT CCT CCG GTG CAG GAG AA-3Ј) and a BGH-specific primer (5Ј-GAA GGC ACA GTC GAG GCT GAT CAG-3Ј), producing a 0.6-kb fragment in transgenic mice (Fig. 1C) .
Southern blot analysis. BamHI-digested genomic DNA was separated on a 0.8% agarose/TAE gel, denatured, transferred to Osmonics nylon transfer membrane (Fisher Scientific, Ottawa, ON, Canada), and ultraviolet fixed for 3 min. The membranes were hybridized with [␣-
32 P]dCTP-labeled probe corresponding to each transgene, exposed to Bio-Rad Imaging Screen K and revealed with a PhosphorImager (Bio-Rad Molecular Imager FX). Copy standards are prepared by mixing nontransgenic tail DNA with a known amount of transgene DNA.
RNA extraction, Northern blot analysis, and semiquantitative RT-PCR. Extraction of total RNA was performed with the TRIzol reagent (Invitrogen, Burlington, ON, Canada). Total RNA (10 g) was separated on 1.5% (wt/vol) agarose-formaldehyde gels and blotted to a nylon membrane. The membranes were hybridized with [␣-
32 P]dCTPlabeled H-apoD, mouse apoE, or mouse GAPDH cDNAs as described above. Total RNA was also reverse transcribed using Omniscript RT kit (Qiagen) and amplified with H-apoD, PPAR␣, PPAR␥, fatty acid synthase (FAS), fatty acid-binding protein (LFABP), sterol regulatory element-binding protein-1c (SREBP-1c), or hypoxanthine-guanine phosphoribosyltransferase-specific primers (Table 1) . Amplifications were carried out for 23 cycles for all genes. A control amplification of reverse transcription reaction without the addition of reverse transcriptase was used to ensure that there was no DNA contamination.
Immunoblotting. Tissues were homogenized in lysis buffer (50 mM Tris ⅐ HCl pH 7.3, 150 mM NaCl, 5 mM EDTA, 0.2% Triton X-100, and 10% Complete protease inhibitor; Roche, Mississauga, ON, Canada). After 30 min of incubation at 4°C, lysates were sonicated and cleared by centrifugation. The protein concentration was determined using a protein assay reagent (Bio-Rad Laboratories, Mississauga, ON, Canada). All extracts were stored at Ϫ80°C. For each sample, 10 g of protein were loaded and separated on a 12% SDS-polyacrylamide gel. The proteins were then transferred to PVDF membranes blocked with 10% milk and incubated with the primary antibodies: H-apoD mouse monoclonal antibody (2B9; 1:100,000); GAPDH rabbit polyclonal antibody (Calbiochem, La Jolla, CA; 1:4,000). These primary antibodies were then detected with the appropriate horseradish perioxidase-conjugated secondary antibodies and visualized by chemiluminescence (Amersham ECL, GE-Healthcare, Baie d'Urfé, QC, Canada) and X-ray film.
Blood analysis. Blood hematology and serum biochemistry were carried out by the Diagnostic and Research Support Service of McGill University Animal Resources Center (Montreal, QC, Canada). Levels of cytokines and adipokines in serum were determined by SearchLight technology at the SearchLight Sample Testing Service of Pierce Biotechnology (Woburn, MA). Free fatty acids levels were measured using a colorimetric kit (MBL International, Woburn, MA).
Competitive ELISA. H-apoD in plasma was quantified by ELISA using the H-apoD monoclonal antibody 2B9 as previously described (46) . Briefly, microtiter plates were coated with antigen (1 g apoD/ ml) in 5 mM glycin buffer (pH 9.2) and incubated overnight at 4°C. A: promoter/enhancer region (white box) of the Thy-1 or neuron-specific enolase (NSE) genes were fused to the H-apoD coding sequence (black box) followed by the bovine growth hormone (BGH) polyadenylation signal (gray box). B, BamHI; H, HindIII; K, KpnI; RI, EcoRI; S/X, SalI/XhoI; X, XbaI. The transgenes were excised by digestion with EcoRI/XhoI (Thy-1/apoD; 4.5 kbp) or EcoRI/KpnI (NSE/apoD; 3 kbp). B: Southern analysis of transgenic mice. BamHI-digested genomic DNA (10 g) was analyzed using the corresponding transgene as a probe. Copy standards (left) corresponding to 1 (1c) or 10 (10c) copies of the transgenes are used to estimate the transgene copy number. C: representative PCR genotyping of the mice. A band (0.6 kbp) is amplified with H-apoD and BGH primers in the 2 transgenic but not in wild-type (WT) mice.
The wells were washed with 0.25% PBS-Tween and saturated with 1% PBS-BSA for 1 h. A mixture that was previously incubated overnight and containing diluted plasma and 2B9 antibody in PBS-BSA 1% then replaced the saturation solution. After 2 h of incubation, wells were washed. Bound 2B9 antibody was detected by peroxidaselabeled anti-mouse IgG (KPL, Gaithersburg, MD) and revealed with 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) substrate (KPL). Optical density was measured at 410 nm. All quantifications were performed in triplicate with 10 mice/genotype.
Liver lipid content. Fresh tissues were weighed in a precision balance, cut in small pieces, and dried in glass vials placed in bell jar with dessicant under vacuum for 24 h. Tissues were then reweighed to calculate dry tissue weight. Neutral lipids were extracted from tissues with diethyl ether for 24 h (2 extractions with 10 ml). Tissues were dried again for 24 h and reweighed to obtain the fat-free dry weight. Total lipid content was calculated as follows: (dry tissue weight Ϫ fat-free dry tissue weight) ϫ 100/dry tissue weight. Total cholesterol (cholesterol and cholesteryl ester) and triglycerides were quantified using colorimetric kits according to the manufacturer's instructions (Biovision Cedarlane, Burlington, ON, Canada).
Thiobarbituric acid reactive substance assay. The extent of oxidation in transgenic tissues was determined by the thiobarbituric acid reactive substance (TBARS) assay. Liver tissue was homogenized in cold PBS 1ϫ (3 l PBS per mg of tissue) in the presence of 5 mM butylated hydroxytoluene. A 12-l aliquot of tissue extract was incubated with 390 l of 0.2 M glycine-HCL, pH 3.6, and 250 l of fresh TBA reagent (0.5% TBA, 0.5% SDS). Samples were incubated 15 min at 90°C and cooled on ice before a triplicate reading of the absorbance at 532 nm. Values were normalized by the lipid content of each sample.
Histology. The paraformaldehyde-fixed liver tissue was processed and embedded in paraffin and 5-m-thick paraffin sections were stained with hematoxylin and eosin for histological analysis. To visualize lipids, frozen sections (10-m thick) were stained with 0.5% Oil Red O in propylene glycol.
Intraperitoneal glucose and insulin tolerance tests. For the glucose tolerance test, mice fasted overnight (12-15 h) were injected intraperitoneally with D-glucose (2 g/kg body wt). For the insulin tolerance test, mice were fasted for 5 h before intraperitoneal injection of human regular insulin Humulin R (1.5 U/kg body wt; Eli Lilly Canada, St. Laurent, QC, Canada). Their body weights before and after fasting were recorded to the nearest gram unit. Blood samples were collected from the saphen vein 0, 15, 30, 45, 60, 90, and 120 min after the injections. Blood glucose and serum insulin levels were measured with the Accu-Chek Advantage Glucose Monitor and test strips (Roche) and the rat/mouse insulin ELISA kit (Linco/Millipore, Billerica, MA), respectively. The area under the glucose curve in the intraperitoneal glucose tolerance test (IPGTT) was calculated by the trapezoid rule from the glucose measurements. Glucose levels in the insulin tolerance test (ITT) were expressed as percentages of initial blood glucose concentrations. The mice were allowed to recover for 2 wk between experiments.
In vivo hepatic VLDL-triglyceride production. VLDL secretion was measured in 10-h-fasted animals (1 yr old). Control and H-apoD transgenic (H-apoD Tg) mice were injected via the tail vein with 12% (v/v) Triton WR1339 (Tyloxapol; 5 ml/kg body wt; Sigma-Aldrich, Oakville, ON, Canada) diluted in PBS. Blood samples were taken before (time 0) and 30, 60, and 90 min after Triton injection. Triglyceride content was measured as described above. The secretion rate was calculated from the slope of the individual lines and expressed as micromoles per kilogram per hour.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical analysis was performed with Prism 5 software (GraphPad, San Diego, CA). The statistical significance from control values was determined by Student's t-test. Values were considered to be significant at P Ͻ 0.05.
RESULTS

Generation of H-apoD Tg mice.
We generated and used two transgenic mouse lines overexpressing H-apoD in neurons under the control of the Thy-1 (21) or the NSE promoters (Fig.  1A) . We chose to overexpress the H-apoD because it allows its discrimination from the endogenous apoD and because the two proteins are highly homologous and are believed to achieve the same function both in humans and mice. For each transgene, three independent mouse lines that had integrated and were able to transmit the transgene were generated and analyzed. However, since the behavioral, molecular, biochemical, and general health characterization demonstrated similar phenotypes, only one line for each transgene was included in this study (Thy-1/apoD-555; NSE/apoD-182-4). The presence and the number of integrations of the transgene fragment and its transmission through the germline were first verified by Southern blot analysis. Thy-1/apoD and NSE/apoD integrated 8 and 12 copies of the corresponding transgene, respectively, as determined by densitometric comparison with copy standards (Fig. 1B) . Subsequently, H-apoD Tg mice were identified by PCR genotyping. Only those mice where the apoD and BGH primers amplified a 0.6-kb band were considered transgenic (Fig. 1C) .
Expression of H-apoD in H-apoD Tg mice. The expression of each transgene was then analyzed in different tissues. By Northern blot analysis, H-apoD was found expressed mainly in the nervous system, as expected ( Fig. 2A) . Immunoblotting on total brain extracts confirmed the presence of H-apoD protein in these tissues (Fig. 2B) . As anticipated, in Thy-1/apoD mice, H-apoD expression is stronger and is expressed in all brain regions (22) . The weaker expression in NSE/apoD mice (Fig.  2B) is explained by the strong expression of this gene in the gray but not in the white matter of the brain (19) . H-apoD protein was also weakly detected in the liver with a slightly TGC AGG AGA ATT TTG ACG TG  AGG TTA ACT GGG GTG GCT TC  PPAR␣  CAT GTG AAG GCT GTA AGG GCT T  TCT TGC AGC TCC GAT CAC ACT  PPAR␥  CTG CTC AAG TAT GGT GTC CAT GA  TGA GAT GAG GAC TCC ATC TTT ATT CA  FAS  TAC CAA GCC AAG CAC ATT CG  TGG CTT CGG CGA TGA GA  LFABP  AAG TCA AGG CAG TCG TCA AGC T  TGA GTT CAG TCA CGG ACT TTA TGC  SREBP-1c TGG ATT GCA CAT TTG AAG ACA TG TGT CTC ACC CCC AGC ATA GG HPRT GTG ATG AAG GAG ATG GGA GGC C GGT GAA AAG GAC CCC ACG AAG stronger signal in Thy-1/apoD mice ( Fig. 2B ) but was undetectable in adipose tissue (data not shown). H-apoD protein was also detected in circulation in the plasma (Thy-1/apoD: 5.35 Ϯ 0.93 g/ml; NSE/apoD: 4.69 Ϯ 0.71 g/ml), as measured by ELISA. Because of its greater sensitivity, semiquantitative RT-PCR was also used to analyze the transgene expression. Using H-apoD and internal control hypoxanthine-guanine phosphoribosyltransferase specific primers, we could determine that, in Thy-1/apoD mice, H-apoD is expressed in all the central nervous system regions tested but at lower levels in spinal cord and in midbrain. H-apoD expression was also detected in the thymus, heart, and liver and to a lower extent in the ovaries, testis, eyes, and blood cells. In NSE/apoD, H-apoD was detectable in all the nervous system except in the olfactive bulb with a stronger expression in the hippocampus, cerebellum, and spinal cord. It was also detected in blood cells, muscle, liver, and spleen. H-apoD expression was not observed in white adipose tissue from inguinal and mesenteric fat pads (data not shown). These expression patterns are in full agreement with the promoters used. Even though Thy-1 and NSE promoters were chosen to drive apoD expression into neurons, they are also expressed by other tissues. Thus human Thy-1 expression was also reported in fibroblasts, myofibroblasts, endothelial cells, smooth muscle cells, renal glomerular mesangial cells, NK cells, and a subset of CD34 ϩ cells in the bone marrow, blood, and thymus (11, 29, 40) . In the same way, a NSE expression was already reported in blood and marrow leucocytes (35) . NSE expression in the skeletal muscle was unexpected and could be imputed on nerve fascicles running throughout the muscle (9).
H-apoD overexpression has an effect on morphometric, serum, and hematological parameters. The two transgenic lines develop and breed normally. They have external phenotype and food and water consumption similar to wild-type (WT) mice at all ages (data not shown). However, some phenotypic differences appeared with aging. One-year-old Thy-1/apoD and NSE/apoD mice presented a liver significantly larger than WT mice (30 and 21%, respectively). This modification did not significantly affect the total body weight ( Table  2 ). It is noteworthy that these transgenic mice express H-apoD in the liver (Fig. 2C) . Serum parameters of nonfasting mice did reflect some of these differences (Table 3) . Thus NSE/apoD mice presented increased alanine aminotransferase and aspartate aminotransferase levels, which are indicative of liver congestion or damage. These increases were not observed in Fig. 2 . Analysis of the transgene expression. A: Northern blot analysis of total RNA with a H-apoD-specific probe. Equal loading was determined by subsequent hybridization with a GAPDH probe. H-apoD is mainly expressed in the central nervous system. B: immunoblot showing H-apoD protein expression in the transgenic brains and livers. An anti-GAPDH polyclonal antibody was used for normalization. C: semiquantitative RT-PCR analysis of different tissues with H-apoD specific primers. Hypoxanthine-guanine phosphoribosyltransferase (HPRT) amplification was used as an internal control. Medulla, medulla oblongata; muscle, skeletal muscle. Results represent 3 separate experiments. Thy-1/apoD mice, which also present a larger liver (Table 2) . However, the later showed a slight, although not significant, increase in alkaline phosphatase, which also reflects liver function. In addition, Thy-1/apoD and NSE/apoD mice showed elevated serum insulin suggesting insulin resistance. Of note, 3-mo-old H-apoD Tg mice did not show hyperinsulinemia (data not shown). Moreover, the hyperinsulinemia was connected with feeding as H-apoD Tg mice displayed normal basal fasting insulin levels (Fig. 3C ) but developed fed hyperinsulinemia (Table 3) . Furthermore, NSE/apoD mice presented high creatinine levels often seen in kidney dysfunction or muscle degeneration (Table 3 ). It is noteworthy that NSE/apoD mice express the transgene in muscle (Fig. 2C) . In spite of that, circulating cholesterol, HDL, triglycerides, and free fatty acids levels remained unaffected (Table 3) . Also of note, adipocyte diameter in inguinal fat was similar in the two transgenics and WT mice (data not shown). Blood cell populations were also affected by the H-apoD overexpression in transgenic mice (Table 4) . H-apoD Tg and especially NSE/apoD mice presented an elevated leukocyte number (white blood cells) caused by increased neutrophil and lymphocyte concentrations. In NSE/apoD mice, the raised white blood cell count was also associated with an increased monocyte count. Thy-1/apoD and NSE/apoD mice also had an augmented platelet count.
H-apoD Tg mice show glucose intolerance and insulin resistance. The increased fed plasmatic insulin levels in HapoD Tg mice (Table 3) can be related to abnormal glucose homeostasis, and we examined this by IPGTT (Fig. 3) . After intraperitoneal glucose injection to fasting mice, the serum glucose was raised significantly in Thy-1/apoD mice and to a lesser extent in NSE/apoD mice, compared with WT littermates. The hyperglycemia was sustained up to 120 min in Thy-1/apoD but was no longer observed at 90 min in NSE/ apoD mice (Fig. 3A) . The integrated net rise in glucose levels above the fasting levels, calculated as the area under the IPGTT curve (Fig. 3B) , further demonstrated the glucose intolerance in H-apoD Tg mice. These two transgenic lines also showed increased insulin levels during IPGTT at 30 min after glucose administration (Fig. 3C) . The increased insulin levels of these two transgenic lines during IPGTT (Fig. 3C) suggest that glucose intolerance must be due to the resistance of tissues to the insulin action. The presence of insulin resistance in Thy-1/apoD and, less importantly, in NSE/apoD mice was confirmed by the reduced decline of blood glucose after the administration of insulin in ITT (Fig. 3D) .
H-apoD Tg mice develop hepatic steatosis. Since Thy-1/ apoD and NSE/apoD mice exhibited hepatomegaly (Table 2) and altered levels of indicators of hepatic function (Table 3) , liver histology was examined. As shown by hematoxylin-eosin and Oil Red O staining, Thy-1/apoD and NSE/apoD livers showed severe steatosis (Fig. 4, B, C, E, and F) . The steatosis was further confirmed by the quantification of the liver lipid content (Fig. 4G ). This steatosis corresponded to an increase in triglycerides but not in total cholesterol levels (Fig. 4, I-J) . However, the lipid peroxidation levels, measured as TBARS, were similar in WT and H-apoD Tg mice, when normalized by the total lipid content (Fig. 4H) . Lipid accumulation in muscle was also examined. A mild muscle steatosis appeared in Thy-1/apoD and NSE/apoD mice (data not shown).
Mechanisms of insulin resistance and steatosis. To investigate the mechanisms underlying lipid accumulation, impaired glucose tolerance, and insulin sensitivity in H-apoD Tg mice, we examined the effect of H-apoD overexpression on lipid metabolism components in the liver of mice fed ad libitum. Hepatic steatosis can be caused by a decrease in lipid secretion. Apolipoprotein E (apoE) deficiency was already associated with the development of hepatic steatosis because of impairment in VLDL-triglyceride secretion (30) . Only NSE/apoD mice showed differences in this process with a 30% decrease of apoE transcription (Fig. 5A) . The rate of plasma triglyceride accumulation in fasting mice after intravenous injection of Triton WR1339 was also measured. The VLDL-triglyceride secretion rate, calculated from the slope of each individual lines, was not statistically different (Fig. 5G) .
Mice with hepatic steatosis also exhibited significantly increased expression of LFABP, FAS, PPAR␥, and SREBP-1c, providing evidence that lipogenesis is stimulated in these mice (Fig. 5, B-E) . PPAR␣, which is involved in the lipid-␤ oxidation pathway, was also stimulated in these mice (Fig. 5F ). In addition, nonfasting H-apoD Tg mice demonstrated a significant decrease of Akt phosphorylation at Ser473 in the liver and muscle compared with WT mice (data not shown). This could indicate impairments in insulin signaling but needs further investigation.
High serum levels of cytokines and adipokines were previously reported in insulin resistance and steatosis, and the modulation of leukocyte counts in H-apoD Tg mice could predict an immune response. Interestingly, H-apoD Tg mice displayed similar or even decreased levels of most of the cytokines tested compared with WT mice (Supplemental Fig.  S1 ; supplemental data for this article are available online at the Am J Physiol Endocrinol Metab website). The circulating levels of the adipokines leptin, adiponectin, and resistin were also measured. Only leptin showed variations in its levels with a twofold increase in NSE/apoD mice (Supplemental Fig. S1 ).
DISCUSSION
Since its isolation from HDL particles in 1976 (28) , apoD was reported associated with many processes. However, the precise physiological function(s) of this protein still remains unclear. Some beneficial roles were assigned to apoD. apoD is Data are means Ϯ SE of 6 mice per group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipoprotein; BUN, blood urea nitrogen. *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001 vs. WT mice.
thought to be involved in the regeneration and reinnervation processes after nervous tissue injury (8, 31, 38, 47) . In addition, apoD has been described as a marker of differentiation and good prognosis in cancer (14) . It also plays a protective role in stress situations (21, 41, 53) . Paradoxically, apoD was also associated with neuronal death (20) , oxidative stress (3), and tumor progression (39) .
To gain insight into some aspects of the apoD function, we generated two transgenic mice lines overexpressing H-apoD. Here, we demonstrate that overexpression of H-apoD driven by neuronal promoters in mice results in an interesting, although not entirely anticipated, alteration of the glucose/insulin metabolism. More precisely, the presence of H-apoD amplifies the insulin resistance that occurs with aging, as 3-mo-old mice have similar insulin levels independently of genotype. This was first suggested by elevated insulin plasma concentration in nonfasting 1-yr-old mice and explored by IPGTT and ITT. The results show that, although H-apoD Tg mice are not obese and present normal food intake and normal lipid levels in circulation, they develop glucose intolerance and insulin resistance with aging. This insulin resistance is associated with lipid accumulation in the liver, where it causes hepatomegaly, as evidenced by histology and abnormal liver function parameters in serum. A strong connection between lipid accumulation in liver and insulin resistance was already reported (25). The slight H-apoD expression in the liver might contribute to fat, predominantly triglycerides, accumulation, and insulin resistance. Being a secreted protein, and expressed namely by blood cells, H-apoD was found circulating in the plasma and thus it could also account for lipid accumulation in the liver. Accumulation of lipids in the liver is generally multifactorial.
One possible mechanism is the trapping of AA, a wellknown apoD ligand, or other fatty acids by H-apoD, therefore creating an imbalance favoring fat accumulation vs. its elimination by the liver. In addition, given that polyunsaturated fatty acids can inhibit SREBP-1c expression (55) , the trapping of fatty acids by H-apoD could support the activation of SREBP-1c expression induced by insulin resistance and thus favor lipid accumulation in the liver. Another potential source of lipid accumulation is an increase in the hepatic lipid uptake, but this seems unlikely as the circulating free fatty acids, triglycerides, cholesterol, and HDL levels are similar in all mice. Still, we cannot rule out an increased transport of lipids towards the liver by the circulating H-apoD because of the potential apoD participation in lipid transfer and reverse cholesterol transport (34, 44) . A defect in lipid oxidation can also be involved in lipid accumulation. However, since the levels of PPAR␣, known to control the expression of many genes involved in lipid oxidation, are increased in Thy-1/apoD and NSE/apoD mice, probably as a compensatory mechanism, it seems unlikely that defective lipid oxidation is the cause of liver steatosis. Moreover, lipid accumulation can result from decreased removal of lipids from the liver. apoE is essential for VLDL-triglyceride synthesis and secretion, a main pathway of lipid elimination in the liver, and apoE deficiency promotes the development of hepatic steatosis (30) . The decreased apoE expression in NSE/apoD mice suggested that an impaired lipid secretion might account for liver steatosis in these mice. However, this possibility was ruled out, as the VLDL-triglyceride secretion rate after Triton WR1339 administration was similar in H-apoD Tg and WT mice. Together with the fact that the decrease in apoE transcription was absent in Thy-1/apoD mice, this suggests that the apoE modulation unlikely results from H-apoD overexpression but could be related to another lipid-associated event and is then of low pathologic importance. More likely, the mechanism for hepatic steatosis development resides in an enhanced de novo lipogenesis by hepatocytes, as LFABP, FAS, SREBP-1c, and PPAR␥ transcripts are overexpressed. Given that Thy-1/apoD mice showed the strongest HapoD expression in brain as well as the strongest insulin resistance and given that, although weak, the H-apoD levels in the liver of these mice were higher than the ones in NSE/apoD mice, we expected these mice to have a greater hepatic steatosis. The surprisingly similar levels of fat accumulation in the liver of both lines of H-apoD Tg mice suggest that the apoD effect on lipid accumulation is subjected to a tight regulation. Still, the connec- The nature of the connection between steatosis and insulin resistance remains unclear. The accumulation of lipid metabolites such as ceramides, diacylglycerol, or long-chain acyl-CoA, inside skeletal muscle and liver results in the downregulation of insulin signaling and therefore in insulin resistance (42) .
Several studies (42) also suggest a link between oxidative stress and insulin resistance. Indeed, intracellular accumulation of fatty acid metabolites contributes to the production of reactive oxygen species. Reactive oxygen species contribute to hepatic insulin resistance through the activation of PKCs. They also attack polyunsaturated fatty acids and initiate lipid peroxidation. However, although H-apoD Tg mice featured hepatic steatosis, their lipid peroxidation levels were not increased. This suggests, on the one hand, that oxidative stress is not the cause of insulin resistance and, on the other, that H-apoD prevents the oxidative stress caused by lipid accumulation. apoD was already reported to play a protective role in oxidative stress situations (21, 41, 53) .
In addition, insulin resistance in humans is associated with chronic low-grade inflammation (33, 50) . Whether inflammation causes insulin resistance or is an epiphenomenon of fat accumulation is still unknown. In this perspective, increased leukocyte counts in Thy-1/apoD and NSE/apoD mice predicted higher serum cytokines levels. The absence of upregulation of most of the cytokines tested would be in agreement with previous studies (7, 15, 16) suggesting that apoD may have anti-inflammatory properties, as its expression is upregulated in response to inflammatory stimuli. However, the presence of inflammation cannot be completely excluded.
It is also noteworthy that H-apoD is primarily expressed in neurons and that H-apoD levels in the brain are directly correlated with the incidence of insulin resistance, as Thy-1/ apoD mice are more insulin resistant than NSE/apoD mice. H-apoD could interfere directly with leptin or insulin receptors in the arcuate, paraventricular, and other hypothalamic nuclei. apoD is involved in the leptin receptor signal transduction pathway that controls appetite and body fat accumulation. It interacts specifically with the cytoplasmic portion of the long form of the leptin receptor Ob-Rb. In hypothalamus, apoD transcription is stimulated by dietary fat and correlates positively with adipose tissue mass and circulating leptin levels. However, this positive association is lost in mice carrying a mutant leptin or Ob-Rb gene, in which levels of hypothalamic apoD mRNA are reduced compared with those of WT mice (26) . H-apoD overexpression in the arcuate or paraventricular could cause a partial desensibilization of the leptin receptor leading to a leptin resistance and further to an insulin resistance. However, as H-apoD Tg mice do not show increased weight gain or hyperphagia, a downregulation of the leptin pathway seems unlikely. Still, the presence of H-apoD in neurons could interfere with the central regulation of insulin sensitivity.
Apart from lipid accumulation, H-apoD Tg mice display other insulin-resistance-associated features such as abnormal hematological parameters. Therefore, in H-apoD Tg mice, insulin resistance is associated with abnormal leukocyte and platelet concentration in blood. Hematological abnormalities are often associated with insulin resistance in humans, and an increased leukocyte count, particularly T cells, was associated with the progression of atherosclerosis (45) . It was also reported that human platelets have insulin receptors that participate in the regulation of platelet function. Insulin resistance, and its associated hyperinsulinemia, promotes platelet activation, thus increasing the risk of cardiovascular disease (6) .
In conclusion, these results pinpoint the importance of a complex regulation of apoD levels and sites of expression, which influence apoD function and its impact on glucose and lipid metabolism. Consequently, these results bring new evidence for apoD as a potential target for glucose and lipid metabolism related disorders. However, the molecular basis for the role of apoD in steatosis and insulin resistance, as well as its contribution to other components of the metabolism control, such as energy expenditure and response to high-fat diet, have yet to be defined.
